A simple fluorescence method is reported for the detection of colloidal aggregate formation in solution, with specific applications to determine the critical micelle concentration (CMC) of surfactants and detect small-molecule promiscuous inhibitors. The method exploits the meniscus curvature changes in high-density multiwell plates associated with colloidal changes in solution. The shape of the meniscus has a significant effect on fluorescence intensity when detected using a top-read fluorescence plate reader because of the effect of total internal reflection on fluorescence emission through a curved liquid surface. A dynamic range of 60% is calculated and observed and is measured with a relative sensitivity of 2%. Facile determination of the CMC of a variety of surfactants is demonstrated, as well as a screening assay for aggregate forming properties of small drug-like compounds, a common cause of promiscuous inhibition in high-throughput screening (HTS) enzyme inhibitor assays. Our preliminary results show a potential HTS assay with Z′ factor of 0.76, with good separation between aggregating and nonaggregating small molecules. The method combines the high sensitivity and universality of classic surface tension methods with simplicity and highthroughput determination, enabling facile detection of molecular interactions involving a change in liquid or solid surface character. (Journal of Biomolecular Screening 2007:966-971) 
INTRODUCTION
W E DESCRIBE A SIMPLE FLUORESCENCE ASSAY for sensitive detection of colloidal aggregation based on the pronounced capillarity observed in high-density (384, 1536) multiwell plates used in high-throughput screening (HTS). Aqueous colloidal systems form when amphipathic (surfactant) molecules are dispersed in water. The molecules form a monolayer at the airwater interface, with their nonpolar tails extended away from the polar liquid medium. The result is a lowering of the surface tension of the solution and an increase in downward curvature (wetting) in a tube made of hydrophobic material. 1 This is capillarity, a function of solid surface tension, liquid surface tension, solidliquid interface tension, and gravity. Above the critical micelle concentration (CMC), the surface monolayer is saturated, surfactant molecules form micelles, and no further changes in surface curvature occur. Of particular interest in drug screening is the identification of small molecules in synthetic drug libraries that cause promiscuous inhibition of enzymes by virtue of colloidal aggregate formation. [2] [3] [4] We surmise that such molecules should be readily identified in a screen that detects changes in capillarity.
The fluorescence assay is based on the effect of a curved meniscus on spectrophotometric measurements using a plate reader with a vertical light path, unlike a regular spectrometer, where the light path is horizontal and does not pass through an air-water interface. The effect is normally avoided in HTS by adding a constant concentration of nondenaturing surfactant to the wells of the plate. Cottingham et al. 5 were the first to recognize the optical effects of surface curvature in a vertical beam system, using it to develop a spectrophotometric method for assessing surface tension in 96-well plates. Here we provide a quantitative analysis of the effect of surface curvature changes on fluorescence emission intensity in 96-well, 384-well, and 384microwell plates using the top-read mode of a fluorescence plate reader, determining the dynamic range and sensitivity of the measurement. We also demonstrate use of the method for accurate determination of the CMC of a measured surfactant and for sensitive detection of colloidal aggregate-forming promiscuous enzyme inhibitors. We further suggest an extension of Cottingham et al.'s spectrophotometric method for determination of absolute surface curvature.
EXPERIMENTAL METHODS

Materials
Standard polystyrene black untreated 384 square well plates and 384 tapered clear-bottom microwell plates were obtained from Greiner Bio-One (Kremsmünster, Austria). Black 96 cylindrical well plates were obtained from Whatman (Middlesex, UK). Lucifer Yellow Iodoacetamide (LY) was purchased from Invitrogen-Molecular Probes (Carlsbad, CA). Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Fluorescence measurements
Fluorescence measurements were made using a Spectramax Gemini XPS Plate Reader (Molecular Devices, Sunnyvale, CA), a Spectramax M5 (Molecular Devices), or a Shimadzu RF-5301PC spectrofluorimeter (Shimadzu, Hong Kong). Sample volumes were 100 µL, 30 µL, and 15 µL, respectively, in 96-well, 384-well, and 384-microwell plates, as well as 2 mL in a standard cuvette measured using the spectrofluorimeter. Excitation and emission wavelengths for LY were 425 and 540 nm, respectively.
Calculation of total internal reflection
Total internal reflection was calculated using the diagrams in (2) 0.5*(a + bc) = r*cot(0.5*C),
where r is the radius of the internal circle of triangle ABC. An additional restriction on α arises from the limitation of the cone size to the well width-that is, h/cot(α) ≤ r w , the radius of the well. The relative detectable fluorescence from point A is the ratio of the spherical cap surface in Figure 2c to the total surface of the sphere, which is geometrically equivalent to the ratio of the height of the spherical cap, h 1 , to the diameter of the sphere:
where η is the fraction of fluorescence that is detectable. At a given h and R, η can be calculated from equations (1) to (6) (Mathcad, Mathsoft, Needham, MA). Integrating from 0 to the liquid depth gives the relative fluorescence intensity for a particular value of curvature R.
Screening assay for promiscuous inhibitors
Standard 384-well plates were used. The upper bound of the assay was measured using assay buffer: 50 mM phosphate, 50 mM NaCl (pH 7.1), and 0.5 µM LY. The lower bound of the assay was measured using control buffer: 50 mM phosphate, 50 mM NaCl (pH 7.1), 0.5 µM LY, and 1 mM Triton-X-100. Then, 2.5% DMSO was added to the buffers prior to measurement of upper and lower bounds. In total, 144 measurements of upper and lower bounds were made, and the Z′ factor was determined according to the literature definition. 6 Compounds were evaluated at a 50-µM concentration by dilution from a 2-mM stock solution in DMSO into assay buffer and into control buffer. Relative fluorescence was measured as the ratio of top-read fluorescence intensity in assay buffer to control buffer, further scaled to give a unit value for assay buffer signal. For the compound data, an LY concentration of 1 µM was used.
RESULTS AND DISCUSSION
A series of solutions of gradually decreasing surface tension was prepared using increasing concentrations of detergent in consecutive wells, with sample volume and fluorescence dye (LY) concentration kept constant. The liquid surface was nearly flat for buffer solution without surfactant and formed a concave meniscus as surfactant concentration was increased, an effect that was easily seen by eye when the well plates were examined. Figure 1a shows the result on fluorescence intensity for 4 surfactants in a standard 384-well plate. The capillary effect was significant, as expected for the 3.683-mm-diameter square wells of the plate. The fluorescence intensity decreased with increasing concentration of surfactant, reaching 50% of the original at saturation. A discontinuity occurred at the CMC. The fluorescence intensity change was diminished in the larger wells of a 96-well plate (30% reduction) and enhanced in 384-well small volume plate (60% reduction), where wells have a smaller diameter than in regular 384 rectangular well plates ( Fig. 1b) . Curvature variation with well size is simply a result of gravitational effects.
A series of control experiments confirmed that this effect was caused by changes in surface curvature and not by liquid depth changes or interaction of the dye with the surfactant. LY is not environmentally sensitive and does not interact with the surfactant. The fluorescence emission maximum and intensity of LY was unchanged as a function of surfactant concentration when measured in a cuvette with a horizontal light path ( Fig. 1a) . Experiments using different liquid volumes showed that liquid depth change was not a factor in the observed fluorescence changes because the ratio of fluorescence of buffer and high surfactant solutions remained unchanged over a wide range of volumes. This was confirmed by using the bottom-read mode of the fluorescence plate reader (Fig. 1b) . Very little variation in fluorescence intensity occurred across the range of surfactant concentrations when the fluorescence emission did not pass the curved liquid surface to reach the detector.
An explanation for the effect of surface curvature on fluorescence emission and, by corollary, the sensitivity of fluorescence in determining surface curvature in multiwell plates was obtained by investigating the light path of fluorescence emitted through a curved liquid surface. Figure 2 shows that light emitted from point A in the well passes through the solution, refracts at the liquid-air boundary, and travels to the detector. Detectable emission is limited to fluorescent light that hits the liquid-air boundary within the critical angle θ c = arcsin(n 1 /n 2 ), above which the light is reflected back into the solution (total internal reflection). n 1 and n 2 are the refractive indices in air and liquid, respectively. Figure 2 shows that detectable emitted light is restricted to a cone of angle 2α. For a flat liquid surface, the normal at the point of refraction is vertical, so α = θ c as in Figure 2a . When the liquid surface is curved, the normal of the liquid surface tilts toward the center of the curved surface. In a concave meniscus, α < θ c , resulting in less detectable emitted light from point A (Fig. 2b) .
We have applied this model to estimate the detectable emission from point A at depth h and curvature radius R as shown in Figure  2 , and we have integrated the emission over all h to obtain relative fluorescence intensity. For curvature variation from a flat surface (R = ∞) to the maximum possible curvature (R = radius of the well), the calculation predicted a relative fluorescence intensity change of 60% between these 2 extremes, which was observed in the smallest wells (384-well small volume plate, Fig. 1b) . The agreement between observed and calculated data supports the hypothesis that the change was due to total internal reflection. The calculation was based on a cylindrical well and assumed that detectable emission at all depths has an equal chance to reach the detector. Variation in the angular distribution of emitted light from different depths was neglected, on the basis of experimental observations of a constant ratio of fluorescence between a curved and flat surface at different volumes.
The fluorescence intensity change was highly reproducible and could be measured with a relative standard deviation of 0.02 in standard 384-well plates on the Spectramax Gemini XPS plate reader. Total internal reflection is independent of fluorescent dye because n 2 is essentially invariant over a wide range of wavelengths. 7 A similar result was obtained using fluorescein as a reporter. A fluorescent dye with strong environmental sensitivity should be avoided because of competing effects of surfactant concentration on fluorescence intensity.
Determination of critical micelle concentration
Current CMC determination methods include measurement of surface tension, 8 fluorescence intensity 9 or anisotropy 10 of micelle-adsorbed dyes and hyper-Rayleigh scattering. 11 Direct measurement of the curvature-induced fluorescence change in 384-well plates has led to a sensitive HT-ready method for surfactant CMC determination, as shown in Figure 1a . The phase transition was readily detected from the intersection of 2 straight lines that fit the data above and below the CMC. CMC values of 1.86 mM, 0.16 mM, 0.054 mM, and 0.029 mM were obtained for sodium dodecyl sulfate (SDS), Triton-X-100, Tween-20, and Nhexadecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (SB3-16), respectively, consistent with literature values. [8] [9] [10] In the general case, samples may be prepared by 2× serial dilution in a row of 24 wells in a 384-well plate, which will cover a concentration range of 10 7 and allow CMC determination with an error less than a factor of 2. The precision will be even greater using 1.5× dilution in 48 wells of a 1536-well plate.
The linearity of the fluorescence intensity change with the logarithm of surfactant concentration at sub-CMC levels is not understood. Surface tension is linear with the log of surfactant concentration, 8 but there is no established theoretical basis for the linearity between surface tension and fluorescence. Similar results were reported using other techniques for CMC determination. The precision of the technique compares favorably with existing methods. Direct surface tension measurements are precise but low throughput, requiring complex preparation and expertise in sample handling. 8 Fluorescence anisotropy measurements have the potential for high-throughput determination but are not universally applicable for all surfactants because of a dependence on dye and micelle compatibility. 9 CMC determination using the fluorescence method described here is precise, rapid, and universal because modifying the hydrophilic character of the water solution is a common property of all surfactants.
Determination of promiscuous inhibitors in drug libraries
The fluorescence assay has been used to detect compounds in drug libraries that cause promiscuous inhibition in enzyme assays. [2] [3] [4] 12 Amphiphilic or hydrophobic properties of the molecules cause the formation of colloidal aggregates that sequester the enzymes used in the assays, causing false positives. Figure 3 shows that aggregators are easily detected in the fluorescence assay, due to the change in surface tension that accompanies aggregate formation. The upper and lower bounds of the assay for aggregators were determined using buffer and 1 mM Triton-X-100 buffer, respectively, each containing 0.5 µM LY and 2.5% DMSO. Triton-X-100 causes maximum liquid surface curvature change at its CMC, providing an ideal positive control for the assay. A Z′ factor of 0.76 was obtained. The robustness of the assay was verified by testing 14 known aggregators and 8 known nonaggregators at a 50-µM concentration. 4, 13 Relative fluorescence was measured as a ratio of the observed fluorescence of compound in buffer to that of the compound in the 1-mM Triton solution to alleviate any compound-specific absorption or fluorescence. A clear distinction between the 2 types of small drug-like molecules was obtained. The increase in curvature and associated decrease in fluorescence observed for aggregators is caused by a decrease in surface tension of the solution containing the colloidal aggregates. The compound sulconazole is an outlier because of a specific association between LY and sulconazole aggregates. The result is LY fluorescence enhancement that is not cancelled out by the Triton-X-100 control because Triton breaks up the sulconazole aggregates. 12 Using a second fluorophore (fluorescein) eliminated this spurious effect, as did changing the control from Triton-containing sample in a second well to the bottom-read fluorescence measurement of the original well, a measurement that is invariant with curvature (Fig. 1b) .
The result suggests an extremely simple HTS assay for molecules that form aggregates in any biological or chemical system. Synthetic compound libraries can be screened to detect colloidal aggregators at very low cost, tagging them as potential nonspecific inhibitors. A built-in control scan corrects for the effects of any colored compounds on the measurement (Fig. 3) . Furthermore, the concentration dependence of aggregation, thought to be associated with a critical point phenomenon, 12 could easily be followed using a dose-response curve in the fluorescence assay.
There is no limitation on the optical characteristics of the fluorescent probe, but its key feature must be environmental insensitivity. An occasional outlier may present due to aggregate probe binding because of the effect of detergent on aggregates, as seen with sulconazole in Figure 3 . False-negative or false-positive results can be alleviated by using an additional fluorophore or by using the bottom-read fluorescence measurement as the control. The bottom-read control may provide superior results because of simplified sample handling (no second set of wells required) and a concomitant higher Z′ factor. It does, however, require instrumentation capable of performing the dual measurement. The Triton-X-100 control and bottom-read control measurements will be the subject of an expanded study to evaluate the advantages of each in compound ranking, avoidance of false positives or negatives, and sensitivity to aggregate detection.
An optical density method for surface curvature measurement
The curvature-induced fluorescence intensity change in multiwell plates was first noted by Cottingham et al. 5 They alleviated the effect by adding a high concentration of detergent and instead exploited the lens effect of a curved liquid surface using a UV detector, experimentally connecting their observation with surface tension measurements. They assumed the effect arose from defocusing of the light beam through a concave liquid surface. Our calculations show that the main cause of their observation should be deflection of the light beam. For the high curvature limit, light is expected to totally escape detection in their system. Instead, they observed an 8-fold reduction; residual observed light may have arisen from light scattering in the liquid. Our calculation on their model predicts a potentially sensitive and straightforward method to measure liquid surface curvature from the horizontal displacement of the light beam. A geometric relationship exists between the light beam displacement and the surface curvature radius, which would allow a simple read-off of meniscus curvature in an instrument modified to read the position of the light beam below the wells.
CONCLUSION
In conclusion, we have demonstrated the theoretical and experimental basis for a simple high-throughput fluorescence method to study the liquid surface curvature change associated with changes in surface forces at the solid-liquid interface. The fluorescence measurement has a dynamic range of 60% and a relative sensitivity of 2%. The method has been applied to universal rapid surfactant CMC determination, an important characterizing feature of colloidal solutions and an area of ongoing technique development. [8] [9] [10] [11] In addition, the method was used to detect promiscuous enzyme inhibitors by virtue of the change in surface tension accompanying their colloidal aggregate formation. 2 An assay that can identify compounds that consistently cause false positives in enzyme assays is of great value for prescreening large synthetic compound libraries. The fluorescence 
